Purpose: The aim of the study is to investigate the relative position of orifices of two valves within the most proximal segments of the great saphenous vein (GSV), and the femoral vein (FV). Methods: A total of 15 volunteers with no signs or symptoms of venous disease and 13 unaffected limbs of patients with unilateral primary chronic venous disease (CVD) were included. Two most proximal valves of the GSV and the FV were identified. The angle between the two valves, and the distance between the valves were measured. Results: The mean distance between the two valves in the GSV was 3.8 AE 0.4 cm, and in the FV was 4.6 AE 0.3 cm. In one limb, the distance between the FV valves was 1 cm less than GSV valves, and in two limbs the distances were equal. In the remaining 12 limbs available for comparison, the valves in the FV were 1e2 cm further apart compared to the GSV (P ¼ 0.002, paired t-test). All studied pairs of valves were positioned at a minimum 60 angle to each other. The mean angle between the two valves was 84. 3 AE 8.4 in the GSV, and 88.3 AE 6.7 in the FV (P ¼ 0.24). The angle between the two valves correlated with the distance between the valves (r ¼ 0.68, P ¼ 0.000005). No significant relations were found between the diameter of the studied vein, and the angle between the two valves. There was no difference in valve orientation between volunteers and unaffected limbs of the patients with CVD. Conclusion: When two valves are present in the areas of venous junctions, they consistently positioned at a significant angle to each other. A hypothesis that venous valves at the junctions increase efficiency of venous return by creating a helical flow pattern can be postulated and deserves further investigation. Ó
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Dysfunction of the venous valves and consequent venous reflux are major pathological findings in primary chronic venous disease (PCVD). For this reason, surgical treatment of PCVD is generally aimed to eliminate the reflux by ligation of the incompetent vein, ablation of the refluxing segment (mechanical, chemical or thermal), redirecting blood flow into a competent vein (transposition) and repairing the incompetent valve or replacing it with a transplant. Replacement venous valve prosthesis is currently not available, but is likely to be developed in the future. In addition, recent attempts to create an autologous neo-valve have been reportedly successful. 1 Possibility of such advanced options raises multiple questions, among which is where to place, and how to position the prosthesis or neo-valve. Specific pathological and haemodynamic features that are present in affected extremities are definitely the main determinants of a site for the valve placement, but knowledge of normal anatomical position and orientation of venous valves may be helpful in making such a decision. The literature that addresses these questions is scarce, 2 but some information is available, and relatively well established. Despite significant individual variability, valves are consistently located at specific locations in the veins of the leg, 2e4 and in the areas of major junctions, they are usually present in pairs 3e5 cm apart from each other. 5e8 The relations between density and position of venous valves in different veins showed that they always affect local blood flow. 9,10 Therefore, constant duplication of valves near the junctions is likely to have a functional significance to the blood flow in these segments.
One of the effects of venous valves is the dramatic change of the three-dimensional velocity profile of the blood flow due to the shape and size of the orifice.
11e13 Two closely located valves may have a combined effect on the flow if the relative orientation of their orifices has reasonable consistency between individuals. We were unable to find any studies that investigated the orientation of valve orifices in relation to the vein axis, or relative position of orifices of two valves within the venous segment. This study was undertaken to address this gap in anatomical information.
Methods
Twenty-four healthy volunteers with no signs or symptoms of venous disease and 20 unaffected limbs of patients with unilateral PCVD were screened for the presence of two valves in the proximal great saphenous vein (GSV). Fifteen volunteers and 13 patients were selected for the study. Only extremities that have the most proximal valve located more than 1 cm from the sapheno-femoral junction (SFJ) were included, due to limited ability to measure the angle of the orifice in more proximally located valves. All included extremities had no evidence of venous disorders by duplex scan.
Duplex ultrasound scans were performed using GE Loqiq-700 and Logiq-7 systems with a 5e10 MHz linear array probe. Subjects were placed in a 15 head-up position at room temperature. The valves were identified using B-mode and B-Flow mode, and images were acquired with the probe in transverse position perpendicular to the axis of the vein. After imaging of the distal of the two valves, the probe was moved along the axis of the vein without changing its angle until the proximal of the two valves was identified. B-flow mode was used to precisely position the probe at the orifice of the valve. The angle between the long axis of the valve's orifice and the vertical line corresponded to the direction of the ultrasound beam was measured for each valve, and the angle between the two valves' orifices was calculated (Fig. 1) . The probe then was turned in the longitudinal position along the axis of the vein, and the distance between the valves was measured. If the distance exceeded the length of the probe, the virtual convex function was used. This was sufficient for measuring distance without moving the probe in all cases.
In addition to the GSV valves, the two most proximal valves in the femoral vein (FV) were identifiable in 8 legs of the 15 volunteers and in 7 legs of the 10 patients. The same measurements were performed for this pair of valves in each available extremity.
The protocol was approved by the Institutional Review Board of Straub Clinic and Hospital. A pilot study using a phantom imitating two valves was performed prior to implementing this protocol. The accuracy of angle measurements was tested and showed mean error of measurements 1.6 AE 0.8 , and the difference between ultrasound measurement and true angle not exceeding 3 .
Results
All studied valves were located between 3 and 5 cm apart. The mean distance between the two valves in the GSV was 3.8 AE 0.4 cm, and in the FV it was 4.6 AE 0.3 cm. In one limb, the distance between the FV valves was 1 cm less than between the GSV valves, and in two limbs the distances were equal. In remaining 12 limbs available for comparison, the valves in the FV were 1e2 cm further apart compared to the GSV (P ¼ 0.002, paired t-test).
All studied pairs of valves were positioned at a minimum 60 angle to each other. The mean angle between the two valves was 84 AE 8 in the GSV, and 88 AE 7 in the FV (P ¼ 0.24). The frequency distributions of the distance and angle are shown on the histograms (Fig. 2) . The magnitude of the angle between the two valves correlated well with the distance between the valves (r ¼ 0.68, P < 0.001, Fig. 3 ). No significant relations were found between the diameter of studied vein, and the angle between the two valves. There was no difference in valve orientation between volunteers and unaffected limbs of the patients with CVD.
Discussion
This study demonstrated that when two valves are present in the areas of venous junctions, they consistently positioned at a significant angle to each other. This angle correlates with the distance between the two valves, and does not correlate with the size of the vein. The impact of such anatomical configuration on the flow of blood can be significant. Previous studies showed that when the venous valve opens, the leaflets do not go all the way against the wall of the vessel, even at high flow rates.
14e18 At the time of maximal opening, the valve has a funnel shape with an ellipticshaped orifice (Fig. 4) . The long axis of this ellipse is the vein diameter, and the short axis is about 60e70% of the vein diameter.
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When blood passes through that funnel, it forms a jet with higher velocities in the centre, and a cross-section similar to the shape of the orifice. A second downstream valve, if positioned at an angle to the first valve, introduces rotational momentum to the blood stream, potentially generating helical flow (Fig. 5) . Spiral or helical flow is a common pattern of flow in the circulatory system. It has been identified in normal arteries, 19e22 and lack of such pattern was found in pathological conditions. 23, 24 Biomechanical studies suggest that helical flow decreases dissipation of energy by limiting flow instability, 25, 26 and represents natural optimisation of fluid transport in the cardiovascular system. 27 Three-dimensional patterns of blood flow in veins have not been described in contemporary literature; however, the existence of helical flow in veins is biologically plausible. If such a pattern exists, it may provide haemodynamic benefits that compensate for resistance introduced by venous valves, and contribute to more effective outflow. Thus, a hypothesis can be reasonably formulated that venous valves at the junctions increase efficiency of venous return by creating a helical flow pattern. The advantage of using ultrasound imaging in this study compared to anatomical dissections is that the valves have been imaged in situ without distorting their position. However, the use of ultrasound introduced significant limitations. Not all valves can be visualised by an ultrasound scan with sufficient quality, leaving the true prevalence of described anatomy unknown. Movements and positioning of the ultrasound probe are highly operator dependent, which introduces unavoidable error to angle measurements. In addition, only two venous segments were investigated in this study, and generalisation to other parts of the venous system awaits future exploration. Despite these limitations, the magnitude of the angle between two valves and consistency of valves' orientation among the individuals leaves little doubt that the findings are not accidental. Future investigation into three-dimensional flow patterns in veins is needed to test the hypothesis that valves positions influence efficiency of outflow. If confirmed, this information can significantly influence surgical decisions regarding how and where to position a prosthetic valve, or create an autologous neo-valve.
